In Turkey, concrete V-shaped ditches are formed at the median section of divided highways to provide drainage. Recent accidents show that these ditches actually present safety risks to vehicles entering the medians. Vehicles either cross over the ditch, roll over, or become trapped in the ditch, depending upon the mass, size, speed, and angle of the entering vehicle. To overcome this safety risk and reduce the severity of these accidents, longitudinal barriers are installed along these ditches. Currently, in Turkey, steel barriers are extensively used to improve traffic safety at median ditches. In this paper, the crash performances of steel and concrete barriers used at medians with ditches are compared. A model of a standard steel EDSP-1.33 barrier and a model of a newly developed concrete C470 barrier were constructed, and impact simulations were performed for when they are installed at a ditch slope break point. A nonlinear finite element program, LS-DYNA, was used for the analysis. A 13,000 kg bus model was used to impact both barriers in accordance with European standard requirements for crash tests. Simulation results show that when the steel EDSP-1.33 barrier is used, the bus has the potential for excessive penetration of the ditch, with significant barrier deformation. Moreover, the barrier damage is extensive, resulting in increased maintenance costs. On the other hand, the concrete C470 barrier successfully contains and redirects the 13,000 kg bus impact, with minimal barrier deformation and safety risk. Even though the concrete barrier slides toward the inside of the ditch, the bus does not enter the ditch area and exits the barrier in a stable manner. Therefore, to increase traffic safety at ditches located at the median section of divided highways in Turkey, utilization of the newly developed concrete barrier C470 is recommended.
Introduction
In recent years, the General Directorate of Highways (KGM) of Turkey has initiated a major highway rehabilitation program involving the upgrading of existing single-platform roads to become divided into two or more lane roads separated by a median. A V-shaped ditch with a triangular cross-section was designed and constructed along the roads, as shown in Figure 1 . These concrete median ditches are intended to provide rainwater drainage. Although drainage is essential to any roadway project, this particular design represents a potential safety hazard to drivers that lose control and encroach on the median in an uncontrolled manner.
to any roadway project, this particular design represents a potential safety hazard to drivers that lose control and encroach on the median in an uncontrolled manner. In addition, when a vehicle leaves a divided highway and crosses the median, the risk of a high-speed head-on collision with a vehicle in the opposing traffic becomes imminent [1] . To prevent or reduce vehicles' crossing over the median, road restraint systems (RRSs) are usually utilized [2] . However, it should be noted that although the existence of median restraint systems can greatly reduce median crossover accidents, it increases the frequency of less severe median barrier crashes [1, 3, 4] . Martin et al. conducted a study to assess the influence of longitudinal barriers located at medians on crash severity. The study was based on the data recorded from 1996 to 2010 on a French toll motorway. They concluded that concrete barriers are much more effective at preventing the complete median crossing of heavy vehicles. When a narrow working width is required, the use of concrete barriers is inevitable [5] .
Previous research suggests that the type of road restraint system and its placement play essential roles in the acceptable performance of these designs during an impact [6, 7] . Therefore, it becomes critical to contain and redirect vehicles from entering the ditches in such cases. As a result, using barriers on both sides of the median becomes critical.
A longitudinal barrier that is eligible for use on highways should meet the criteria defined by European standard of EN 1317 for crash tests [8] . In this standard, crash tests are performed with standard vehicle sizes, with controlled speed and impact angles. Usually, barriers are installed on flat surfaces. Some exceptional tests have been performed on sloped surfaces. Therefore, the behavior of vehicles on graded surfaces, such as ditches, is not well known. Furthermore, and most importantly, in the majority of guardrail applications in Turkey, due to restrictions in road space, guardrails are installed inside or very close to the ditch slope break point [9] . Hence, the wheels of vehicles that contact the guardrail will possibly become trapped in the ditch, causing instability problems and leading to severe and fatal accidents, as shown in Figure 2 . The damage to the bus in the figure was caused partially by contact with the V-shaped ditch. This is particularly valid for the high center of gravity vehicles, such as busses. In addition, when a vehicle leaves a divided highway and crosses the median, the risk of a high-speed head-on collision with a vehicle in the opposing traffic becomes imminent [1] . To prevent or reduce vehicles' crossing over the median, road restraint systems (RRSs) are usually utilized [2] . However, it should be noted that although the existence of median restraint systems can greatly reduce median crossover accidents, it increases the frequency of less severe median barrier crashes [1, 3, 4] . Martin et al. conducted a study to assess the influence of longitudinal barriers located at medians on crash severity. The study was based on the data recorded from 1996 to 2010 on a French toll motorway. They concluded that concrete barriers are much more effective at preventing the complete median crossing of heavy vehicles. When a narrow working width is required, the use of concrete barriers is inevitable [5] .
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A longitudinal barrier that is eligible for use on highways should meet the criteria defined by European standard of EN 1317 for crash tests [8] . In this standard, crash tests are performed with standard vehicle sizes, with controlled speed and impact angles. Usually, barriers are installed on flat surfaces. Some exceptional tests have been performed on sloped surfaces. Therefore, the behavior of vehicles on graded surfaces, such as ditches, is not well known. Furthermore, and most importantly, in the majority of guardrail applications in Turkey, due to restrictions in road space, guardrails are installed inside or very close to the ditch slope break point [9] . Hence, the wheels of vehicles that contact the guardrail will possibly become trapped in the ditch, causing instability problems and leading to severe and fatal accidents, as shown in Figure 2 . The damage to the bus in the figure was caused partially by contact with the V-shaped ditch. This is particularly valid for the high center of gravity vehicles, such as busses. This study aimed to evaluate the impact performance and effectiveness of steel and concrete longitudinal barrier designs used for long median sections. A three-dimensional finite element simulation program, LS-DYNA (LSTC, Livermore, CA, USA), was used to determine the adequacy of these two types of barriers when installed at a slope break point of a median ditch. The following sections explain the details of the study.
Description of Barriers Studied

Concrete Barrier
A new single-sided concrete barrier was developed for the purpose of improving traffic safety at medians. As shown in Figure 3 , the concrete barrier is 3000 mm long, 470 mm wide, and 816 mm tall. Concrete barrier designs are based on the designers' past experiences and on the performances of similar barriers. Concrete blocks are connected to each other with three different mechanisms. Figure 4 illustrates central, lower, and back connectors. These connections are used to eliminate any possible separation and failure during vehicle impact, as well as provide a continuous and aesthetically pleasing wall. The compression strength of the concrete used in the barrier is 30 MPa (C30). The impact strength of the concrete is improved with reinforcement bars used inside the blocks. Each block weighs approximately 2 tons, and two openings are formed under each block to alleviate handling and placement. This study aimed to evaluate the impact performance and effectiveness of steel and concrete longitudinal barrier designs used for long median sections. A three-dimensional finite element simulation program, LS-DYNA (LSTC, Livermore, CA, USA), was used to determine the adequacy of these two types of barriers when installed at a slope break point of a median ditch. The following sections explain the details of the study.
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Steel Barrier
The majority of the guardrail systems used at ditches in Turkey are of an old German design, named EDSP-1.33 [10] . As shown in Figure 5 , these steel barriers use five different components, including a 4.2 mm thick, 1900 mm long sigma-shaped post; a 3 mm thick W-beam; a 5 mm thick, 480 mm long spacer between the rail and the post; a 5 mm thick connector between the post and the spacer; and a 4 mm thick rear beam connecting the posts. All these parts are produced from S235 quality mild steel. Post spacing and post embedment depth in this design are 1330 mm and 1200 mm, respectively. As shown in Figure 5 , the top height of the design is 750 mm. In most cases, as This study aimed to evaluate the impact performance and effectiveness of steel and concrete longitudinal barrier designs used for long median sections. A three-dimensional finite element simulation program, LS-DYNA (LSTC, Livermore, CA, USA), was used to determine the adequacy of these two types of barriers when installed at a slope break point of a median ditch. The following sections explain the details of the study.
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The majority of the guardrail systems used at ditches in Turkey are of an old German design, named EDSP-1.33 [10] . As shown in Figure 5 , these steel barriers use five different components, including a 4.2 mm thick, 1900 mm long sigma-shaped post; a 3 mm thick W-beam; a 5 mm thick, 480 mm long spacer between the rail and the post; a 5 mm thick connector between the post and the spacer; and a 4 mm thick rear beam connecting the posts. All these parts are produced from S235 quality mild steel. Post spacing and post embedment depth in this design are 1330 mm and 1200 mm, respectively. As shown in Figure 5 , the top height of the design is 750 mm. In most cases, as shown in Figures 2 and 5 , the posts are installed inside or very close to the ditch slope break point due to the 500 mm length of the spacer and the short distance between the ditch and the roadway. A lack of adequate distance behind the barrier and the presence of a steep slope creates a safety risk for vehicles impacting the barrier and entering the slope. shown in Figures 2 and 5 , the posts are installed inside or very close to the ditch slope break point due to the 500 mm length of the spacer and the short distance between the ditch and the roadway. A lack of adequate distance behind the barrier and the presence of a steep slope creates a safety risk for vehicles impacting the barrier and entering the slope. 
Finite Element Simulation Study
In this study, the crash performance of two different guardrails installed along the ditches was investigated using finite element analysis. Finite element models of the EDSP-1.33 steel barrier, currently in use, and a newly developed concrete barrier were constructed using the LS-DYNA program [11] . The finite element model of the concrete barrier was previously validated by full-scale crash tests [12] . The crash test simulations were performed using a 900 kg car (TB11) and a 10,000 kg truck (TB42). The finite element simulations successfully predicted the dynamic behavior of the concrete barrier, working width (W), injury risk criteria (ASI, THIV), and vehicle trajectories.
A bus model was used to impact the barriers in accordance with the European crash testing standard EN 1317 part 2. A bus was selected due to its higher center of gravity location and the presence of a large number of buses on divided highways in Turkey; therefore, the bus model allows for a better evaluation of the containment and redirection capacity of both barriers during a large-vehicle impact. Details of both barriers and the vehicle model are explained below.
Description of Finite Element Models
In order to investigate and analyze the crash performance of guardrails placed along a ditch, finite element models of steel and concrete barriers were created. A versatile, 3D, large deformation finite element code, LS-DYNA, was utilized to perform the analysis. This was done in a manner consistent with the actual material behavior and geometry used for guardrails to accurately represent the guardrails used in practice.
A finite element model of the EDSP-1.33 was developed to assess the crash test performance of the design. The model, as shown in Figure 6 , consisted of 104,321 nodes, 65,956 shell elements, and 17,407 solid elements. The shell elements represented the steel members of the model, while solid elements represented the ditch concrete. The shell elements of the W-beam and post that are expected to be in direct contact with an impacting vehicle and thus experience severe deformations were modeled with full integration formulation to accurately represent the complex interactions and behavior. All other steel elements were modeled with default element formulation for computational efficiency.
Since a barrier is expected to sustain large plastic deformations and possible crushing during vehicle impact, a piecewise linear plastic material definition was used to model the steel members 
Finite Element Simulation Study
Description of Finite Element Models
Since a barrier is expected to sustain large plastic deformations and possible crushing during vehicle impact, a piecewise linear plastic material definition was used to model the steel [13, 14] . Failure is included in the model to capture any potential rail ruptures. Rigid material modeling was used to represent the concrete surface of the ditch.
In an actual EDSP-1.33 installation, the connections between the members, such as a W-beam to a spacer and a post, are established using bolts and nuts. To accurately represent the behavior of these connections during simulation, the CONSTRAINED_SPOTWELD option in LS-DYNA was used [11] . By definition, this option keeps members connected until certain force criteria are met. Then, the connection fails, and members allow free movement. To accurately represent the crash behavior of the EDSP-1.33 design, this behavior is essential since the connections in the EDSP-1.33 barrier are designed to separate when forces reach a certain level. Therefore, a detailed connection model was constructed using LS-DYNA. The behavior of the connections was examined under different loading conditions. A reasonable failure criterion obtained from the component simulation was used in the connection model [14] .
To model the concrete barrier, as shown in Figure 7 , geometry and connection details of the barrier were developed and inputted into LS-DYNA. The model consisted of 82,645 nodes, 15,254 shell elements, and 57,203 solid elements. The shell elements represented the steel members, such as plate connectors and reinforcement of the model, while the solid elements represented the concrete and the ditch. As usual, the shell elements that are expected to undergo large deformations and stress concentrations were modeled with full integration formulation to accurately represent the complex interactions and behavior. All other steel elements were modeled with default element formulation and a piecewise linear plastic material definition. On the other hand, the concrete was modeled with a rigid material approximation since no failure is expected in concrete during a crash event.
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To model the concrete barrier, as shown in Figure 7 , geometry and connection details of the barrier were developed and inputted into LS-DYNA. The model consisted of 82,645 nodes, 15,254 shell elements, and 57,203 solid elements. The shell elements represented the steel members, such as plate connectors and reinforcement of the model, while the solid elements represented the concrete and the ditch. As usual, the shell elements that are expected to undergo large deformations and stress concentrations were modeled with full integration formulation to accurately represent the complex interactions and behavior. All other steel elements were modeled with default element formulation and a piecewise linear plastic material definition. On the other hand, the concrete was modeled with a rigid material approximation since no failure is expected in concrete during a crash event. Finally, a V-shaped ditch was modeled together with the road platform. Both the road section and ditch were modeled with rigid material since they are not expected to sustain any damages during simulations. Soil was modeled using the *SOIL_AND_FOAM material in LS-DYNA to accurately represent the post-soil interaction during an impact event. This model was successfully used in previous studies [16] . A ditch cross-section with steel and concrete barrier installations is shown in Figure 9 . 
EDSP-1.33 Steel Barrier Simulation Study
After the final preparations on the bus model, the 13,000 kg bus was positioned in front of the barrier and impacted the barrier at 70 kph and a 20-degree angle. These impact conditions were determined based on the recommendations set forth in EN 1317 Part 2 [8] . The kinetic energy of the bus just before impact was approximately 287 kJ.
The simulation was run for about 1.0 s until the bus entered the ditch completely and became parallel with the barrier. As shown in Figures 10 and 11 , when the vehicle hit the barrier, the W-rail and posts at the impact area began to deform. At 0.13 s after the initial impact, the spacer blocks started to separate from the posts, preventing the W-rail from moving downward with the posts. As the bus advanced forward, more posts were bent, and, at 0.3 s into the simulation, redirection of the bus became clear. The velocity of the vehicle at this point was approximately 62 kph. At 0.65 s after the initial contact with the barrier, the front section of the bus entered the ditch and almost reached the opposite side of the roadway. At this point, the damage to the EDSP-1.33 barrier was extensive, and the bus continued its forward movement. As shown in Figures 10 and 11 , the bus became parallel with the barrier and ditch at around 0.95 s, by which point more than half of the bus was already inside the ditch. Finally, around 1.0 s into the simulation, the bus began to exit the barrier in a stable manner. Based on the simulation predictions, it was determined that the EDSP-1.33 barrier is Finally, a V-shaped ditch was modeled together with the road platform. Both the road section and ditch were modeled with rigid material since they are not expected to sustain any damages during simulations. Soil was modeled using the *SOIL_AND_FOAM material in LS-DYNA to accurately represent the post-soil interaction during an impact event. This model was successfully used in previous studies [16] . A ditch cross-section with steel and concrete barrier installations is shown in Figure 9 . Finally, a V-shaped ditch was modeled together with the road platform. Both the road section and ditch were modeled with rigid material since they are not expected to sustain any damages during simulations. Soil was modeled using the *SOIL_AND_FOAM material in LS-DYNA to accurately represent the post-soil interaction during an impact event. This model was successfully used in previous studies [16] . A ditch cross-section with steel and concrete barrier installations is shown in Figure 9 . 
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The simulation was run for about 1.0 s until the bus entered the ditch completely and became parallel with the barrier. As shown in Figures 10 and 11 , when the vehicle hit the barrier, the W-rail and posts at the impact area began to deform. At 0.13 s after the initial impact, the spacer blocks started to separate from the posts, preventing the W-rail from moving downward with the posts. As the bus advanced forward, more posts were bent, and, at 0.3 s into the simulation, redirection of the bus became clear. The velocity of the vehicle at this point was approximately 62 kph. At 0.65 s after the initial contact with the barrier, the front section of the bus entered the ditch and almost reached the opposite side of the roadway. At this point, the damage to the EDSP-1.33 barrier was extensive, and the bus continued its forward movement. As shown in Figures 10 and 11 , the bus became parallel with the barrier and ditch at around 0.95 s, by which point more than half of the bus was already inside the ditch. Finally, around 1.0 s into the simulation, the bus began to exit the barrier in a stable manner. Based on the simulation predictions, it was determined that the EDSP-1.33 barrier is able Safety 2018, 4, 50 7 of 11 to contain and redirect an impacting bus; however, the damage to the barrier was extensive and penetration of the ditch was significant. A picture of the deformed shape of the barrier is shown in Figures 12 and 13 . The velocity of the bus upon exiting the barrier was 49 kph, representing a 30% reduction in vehicle speed.
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Concrete Barrier Simulation Study
To run the impact simulation, as shown in Figures 10 and 11 , the 13,000 kg bus model was positioned in front of the concrete barriers. Similar to the previous simulation, the bus impacted the barrier at 20 degrees and 70 kph velocity. The bus contacted the connection section of the barrier, which represents the weakest section of the design. Soon after the initial contact, the barrier began to deform laterally and the impacting side of the front tire of the bus began to climb the barrier. At 0.15 s into the simulation, a total of three concrete blocks deformed laterally and, as they slid backward, they entered the ditch area. As shown in Figures 10 and 11 , the bus began to change direction at 0.3 s and, at 0.58 s, it became parallel with the concrete barrier and the ditch. At this point, the rear left tires impacted the already deformed barrier sections and pushed them further into the ditch. At 0.7 s into the simulation, one concrete block almost completely entered the ditch; however, due to strong connections between blocks, the concrete barrier remained upright and did not show any excessive deformation. Finally, at around 0.8 s into the simulation, the bus began to exit the concrete barrier. The velocity of the bus upon its exit was approximately 58 kph, and neither the bus nor the barrier showed any penetration of the ditch area. As shown in Figures 12 and 13 , the damage to the concrete barrier was not significant, deformation was concentrated within a fairly small length, and the performance of the barrier was much improved compared to that observed from the steel EDSP-1.33 barrier. Based on the simulation results, it can be concluded that a well-connected and properly installed concrete barrier could be a potential alternative to the steel barriers used at median ditches.
The acceleration severity index (ASI) is used as a measure of the severity of an impact on the vehicle's occupants during a collision. The smaller the ASI index, the less severe the collision. As shown in Table 1 , there are three severity classes specified in the EN 1317 standard: A, B, and C [8] . The ASI of the EDSP-1.33 steel barrier is class A, which means a low injury risk to the occupants [10] . During the full-scale crash tests, the ASI value for the C470 concrete barrier was measured as 1.55, which is class C [12] . Significant injuries occur when the ASI values are greater than 1.9 [8] . The ASI values both for the concrete C470 barrier and the steel EDSP-1.33 barrier are within the acceptable level with regard to injury risks. Table 1 . Impact severity classes [8] . ASI: acceleration severity index.
Impact Severity Class ASI
EDSP-1.33 Steel Barrier C470 Concrete Barrier Figure 13 . Comparison of damage to steel EDSP-1.33 and concrete C470 barriers after the bus impact simulation (front view).
Concrete Barrier Simulation Study
Impact Severity Class ASI
A ≤1 B ≤1.4 C ≤1.9
Summary and Conclusions
This paper aims to compare the impact performances of two different guardrail systems when they are used at a slope break point of ditches located at the median of divided highways. Crash test behaviors of both the steel EDSP-1.33 barrier and the concrete C470 barrier were predicted using nonlinear impact simulations. A highly reliable finite element program, LS-DYNA, was used for the analysis. Models for both barriers, a ditch, and a bus were prepared, and the crash simulation was performed in accordance with European standard requirements.
The simulation results show that when the steel EDSP-1.33 barrier is used, the bus has the potential for excessive penetration of the ditch, with a 2200 mm barrier deformation. Moreover, the barrier damage is extensive, resulting in increased maintenance costs. Previous crash tests performed on EDSP-1.33 showed that the occupant injury risks are within acceptable levels. On the other hand, the concrete C470 barrier successfully contains and redirects a 13,000 kg bus impact with minimal barrier deformation and low safety risk. Even though the concrete barrier slides toward the inside of the ditch by approximately 960 mm, the bus does not enter the ditch area and exits the barrier in a stable manner. In agreement with results of a previous crash test on the C470 barrier, this test showed acceptable occupant injury risk values for this barrier.
To increase traffic safety, minimize maintenance costs, and improve the stability of heavy vehicles at ditches located at the median section of divided highways in Turkey, utilization of concrete barriers, particularly at curved section of roads, is strongly recommended. It should be noted that utilization of EDSP-1.33 could be considered at median locations where a large working width is not a concern.
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